Abstract The Chinese Fusion Engineering Tokamak Reactor (CFETR) is an important intermediate device between ITER and DEMO. The Water Cooled Ceramic Breeder (WCCB) blanket whose structural material is mainly made of Reduced Activation Ferritic/Martensitic (RAFM) steel, is one of the candidate conceptual blanket design. An analysis of ripple and error field induced by RAFM steel in WCCB is evaluated with the method of static magnetic analysis in the ANSYS code. Significant additional magnetic field is produced by blanket and it leads to an increased ripple field. Maximum ripple along the separatrix line reaches 0.53% which is higher than 0.5% of the acceptable design value. Simultaneously, one blanket module is taken out for heating purpose and the resulting error field is calculated to be seriously against the requirement.
Introduction
The Chinese Fusion Engineering Test Reactor (CFETR) is a tokamak device that is proposed to be built in China as an intermediate stage between ITER and DEMO [1] . The most significant goal of CFETR is to get the steady state in high-performance plasma. Minimization of the Toroidal Field Ripple (TFR) and error field is an important factor to achieve the mission of high-performance plasma in CFETR.
TFRs are non-axisymmetric perturbations of the magnetic field in the toroidal direction and are mainly caused by discreteness of Toroidal Field (TF) coils [2] . The TF ripple could lead to losses of energetic particles such as fast alpha particles from the D-T reaction, and the fast ions produced by the neutral beam injection and ion cyclotron heating. The ripple-induced particle losses lead to an unfavorable heat load on the plasma facing components. The error field is a perturbation of the axial symmetry of the magnetic field in fusion reactors [3] . Error fields above a threshold size, referred to as the Locked Mode Threshold (LMT), produce sufficient torque to stop plasma rotation, which degrades plasma confinement and eventually leads to plasma disruption.
During the CFETR conceptual design, the TFR amplitude in CFETR has been calculated with the ANSYS code by Lei Wang et al. [4] whose model only contains TF coils and ferromagnetic inserts installed in the vacuum vessel. The results show that TFR amplitude at the edge of plasma in CFETR is approximately 0.3%, which satisfies the design specification. However, the result did not take into account a large perturbation of the TF at some space points induced by the tritium breeding blanket which is made of Reduced Activation Ferritic Martensitic (RAFM) steel as structural material. It is necessary to evaluate the ripple and error field induced by blanket in CFETR because the blanket employs a large amount of RAFM steel which is ferromagnetic.
In this paper, the TF ripple field induced by blanket in CFETR is investigated based on Water Cooled Ceramic Breeder (WCCB) blanket [5] design with the ANSYS code. The blanket refers to the WCCB blanket which is one of candidates [6] for CFETR. Furthermore, the error field is evaluated when one blanket module is assumed to be taken out for the purpose of diagnostics or heating plasma. The resulting error field called B 3−mode is found to violate the requirement and needs to be compensated with some methods. 2 The CFETR configuration and WCCB blanket
For CFETR, the major radius is 5.7 m, the minor radius is 1.6 m, plasma current is 8-10 MA. CFETR has 16 large D-shape toroidal coils. Each coil consists of 132 circuits with a current of 67.4 kA. The radial size of blanket is allocated as 0.7 m and 1.2 m at inboard and outboard zones. The configuration of CFETR is shown in Fig. 1 . For WCCB blanket configuration, the blanket employs the scheme of module blanket. Four inboard blanket modules (modules 1-4) and six outboard (modules 5-10) blanket modules are arranged surrounding the plasma. In each segment, there are 20 inboard and outboard blanket modules. For the current version of WCCB blanket, each module box is enclosed by First Wall (FW), Side wall (SW) and Back Plate (BP). The blanket box is divided into several breeding zones and it is enhanced by Cooling Plates (CP) and Stiffening Plates (SP). Fig. 2 shows main structure scheme of typical blanket module [7] . RAFM (e.g. F82H, CLAM) steel is employed as structural material. 
Methodology and model
The 3-D scalar potential approach in ANSYS code was applied because it was suitable for ferromagnetic analysis [8, 9] . The sixteen D-shaped toroidal field coils were modeled using source circuital element according to Toroidal Field Coil (TFC) geometry. Each coil consists of 132 circuits with a current of 67.4 kA. According to WCCB blanket geometry, one finite element model of 22.5 toroidal angle was developed. Each blanket module was modeled in detail by the element of Solid96, including pebble beds, FW, CP, BP, SP, and SW. Void was also modeled by the element of Solid96. A layer of element Infini111 with far-field symbol was used to define the far-field boundary at the outermost of the whole model. The cyclic symmetry condition was assumed and modeled by coupling all DOFs at each node of low surface (φ = −11.25
• ) and high surface (φ = 11.25
• ). Fig. 3 shows the finite element model of TFC and the blanket.
The properties of RAFM steel refer that of F82H steel with saturated magnetization of approximate 1.7 T and its B-H curve is shown in Fig. 4 . The relative permeability of other materials, i.e. breeder, was all defined as 1. 
Calculation of the magnetic field
Ferromagnetic material in the blanket can produce an additional magnetic field and significantly increase the magnetic field in the blanket area. Fig. 5 shows that magnetic field in blanket area is unnaturally enhanced compared with previous studies [4] . In contrast to other areas of blanket, there is a more significant increase in BP of inboard blanket, probably due to its larger mass of RAFM than that of other parts of the blanket. Case of a model without blanket is also done for the purpose of comparison. Toroidal magnetic field distribution between two TFCs is similar to sine wave in a wave circle in plasma area when the blanket is not applied. There is a difference after the installation of blanket, as shown in Fig. 6 , because the distribution of the toroidal magnetic field becomes irregular instead of a sine wave circle, especially when the position is close to blanket. It can also be seen that the result of our calculation is not exactly symmetrical, which means the existence of computational error in our model, especially in the case which has the blanket. This happens because ANSYS applies certain physical assumptions in iron regions [9] . The assumptions may not be good approximations when the iron is heavily saturated and violated assumptions may degrade accuracy. However, since the magnitude of computational error (∼0.0001 T in Fig. 6(a) ) is so small compared with toroidal magnetic field, the effect of this error is negligible.
Ripple field analysis
Ripple field is defined as follows:
where B tmax and B tmin are the maximum and minimum values of the toroidal magnetic field on the circle with coordinates (R, Z), respectively. The requirement of physical design for TFR amplitude should be less than 0.5% in the plasma area [4] . The requirement is satisfied when blanket is not applied (Fig. 7(a) ). However, after the installation of blanket, the requirement is slightly challenged. Ripple field bigger than 0.5% exists along the separatrix line of plasma ( Fig. 7(b) ). Fig.7(c) shows TFR distribution on the separatrix line. TFR on the separatrix line is more significantly enhanced near inboard blanket (100 o < poloidal angle < 250 o ). However, the largest value of TFR, which reaches 0.53%, locates at (R, Z)=(7.28 m, 0.63 m) near the outboard blanket. 
Error field analysis
Magnetic field produced by ferromagnetic material on q=2 magnetic surface is very low. However, this magnetic field represents an error field, a perturbation of axial symmetry of the tokamak magnetic field, and in spite of its low value must be evaluated with enough accuracy because it could produce plasma locking and at the end plasma disruptions. However, since the blanket configuration is an axial symmetry in the toroidal direction, the magnetic field produced on q=2 surface is still an axial symmetry, which means that no error field is produced by the blanket.
In fact, the configuration of blanket modules can hardly be axial symmetry. For example, some blanket modules need to be replaced by ports for diagnostics or heating equipment, which results in a source of asymmetry. In this paper, one blanket module (Module 7, whose toroidal center is at 5.625
• ) is assumed to be taken out for such purposes and the resulting error field is discussed. First we calculated the magnetic field on q=2 surface induced by all magnetized FEM elements in Module 7. The error field was then obtained based on the distribution of the induced magnetic field.
The induced magnetic field has been evaluated in two steps (methods presented in Ref. [10] ):
a. Evaluation of the induced magnetization of the missing blanket module: the induced magnetization has been evaluated element by element using the FEM model.
b. Each magnetized FEM element is regarded as an ideal magnetic dipole which is in the center P of that element. The magnetic moment M P of the dipole is given by:
where H P is magnetic field intensity and B P is magnetic flux intensity, they are related according to B-H curve in Fig. 4 . All of the fields are in the FEM element center, µ 0 is the permeability of vacuum and V is the element volume; the field produced by the dipole in P at any position Q of q=2 magnetic surface was calculated by the formula.
A group of scattered points on q=2 surface was provided by our CFETR physics team. The detailed data is shown in Appendix. Fig. 8 shows the magnetic field at the missing blanket module and the field perturbation of B ⊥ , where B ⊥ is the induced magnetic field's component which is perpendicular to the magnetic surface on q=2 surface.
As can be seen in Fig. 8 , field perturbation produced by blanket module is consistent with that produced by TBM in ITER [11] . Basically, Module 7 produces a toroidally aligned, dipole-like magnetic field pattern, which is localized around the module. The magnetic field line emerges from one end of the module and terminates at the other end. The induced error field is then calculated by the following formula [3] :
where ϕ is the toroidal angle and θ is the poloidal angle. Although the (2,1) mode typically is the most dangerous, recent experiments have shown that other lower order (m, n) modes, most notably the (1,1) and (3,1), exhibit a drag effect on the q=2 surface. A more general expression including this influence, based on DIII-D scaling is [3] 
(5) where B t0 is central magnetic field of CFETR. Table 1 shows important statistical properties of B 2,1 and B (3−mode) induced by the Module 7. One can tell that the induced error field seriously violates the allowed range and needs to be compensated with some methods. 
Summary
In this paper an FEM model with blanket and TF coils is established to calculate the ripple field.
After the installation of the blanket, TFR along the separatrix slightly violates the requirement of 0.5% and the largest value of TFR equals 0.53% where (R, Z)=(7.28 m, 0.63 m). An entire blanket module was assumed to be replaced by ports for the purpose of heating plasma or diagnostics, and the resulting perturbation on magnetic surface using each magnetized FEM element of this blanket module was calculated. The perturbation is constrained within a small area close to that blanket module and results in a significant error field, which needs to be concerned and compensated with some methods.
